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Background:  There  have  been  few reports  regarding  cardiac  strain  in children.  The  present  study  was
performed  to  determine  the  reference  values  for circumferential  and  radial  strains  of  the  left ventricle  in
normal  children  and  discern  the  relative  inﬂuence  of  aging  and cardiac  growth  on  these  left  ventricular
functional  indices.
Methods: The  study  population  consisted  of  180  children  (aged  2 months  to 21  years)  who  had  normal
cardiac  function  and  normal  cardiac  load.  None  of the  patients  had  symptoms,  and  none  was  receiving
medical  therapy.  2D  cine-loop  recordings  of  short-axis  views  at the papillary  muscle  level  were  stored
for off-line  analysis.  Custom  acoustic-tracking  software  was  used  to  measure  left ventricular  strain.  Con-
tinuous  variables  are  reported  as  mean  values  ±  standard  deviation.  The  correlation  coefﬁcients  were
calculated  to  identify  the  relative  inﬂuences  of aging  on  the  strains.  Tukey’s  test was  used to assess
differences  in  strain  among  the  six-myocardial  segments.  In  all analyses,  p  < 0.01  was  taken  to  indicate
statistical  signiﬁcance.
Results and  conclusions:  The  strains  of  all  segments  could  be analyzed  in  136  of  180  children.  There  were
no  signiﬁcant  age-related  changes  in  circumferential  or radial  strain  in children,  but regional  hetero-
geneity  in  left  ventricular  strain.  The  circumferential  and  radial  strains  showed  inverse  distributions;  the
circumferential  strain  in the  region  with  low  radial  strain  was  high,  and  that  in  the region  with high
radial  strain  was  low.  These  observations  indicated  there  are  differences  among  the three-dimensional
movements  of the  regions.
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Two-dimensional (2D) strain imaging by speckle tracking
chocardiography, in contrast to tissue Doppler strain imag-
ng, is angle-independent, and thus permits determination of all
hree (longitudinal, radial, and circumferential) strain components.
hese strains were measured in normal adults and data are avail-
ble for adult patients with several cardiac diseases [1–3]. However,
here have been few reports regarding cardiac strain in children [4].
The present study was performed to determine the reference
alues for circumferential and radial strains of the left ventricle in
ormal children, and to identify the relative inﬂuences of aging and
ardiac growth on these left ventricular functional indices.
ethodsThe study population consisted of 180 children (102 males and
8 females, aged 2 months to 21 years), including 62 cases of
nnocent heart murmur, 32 cases of benign chest pain, 31 cases
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of infrequent premature atrial contractions, 28 cases of natural
closure of atrial septal defect, and 27 cases of infrequent pre-
mature ventricular contraction. All of them were judged to have
normal cardiac function and normal cardiac load on echocardiac
routine examination (the parameters of conventional echocar-
diography including end-diastolic and end-systolic dimensions,
fractional shortening, and left ventricular ejection fraction were
normal). None of the patients had symptoms, and none was receiv-
ing medical therapy. Their heart rates ranged from 51 to 150/min
(84 ± 20/min).
All the patients were imaged in the supine position using a com-
mercial ultrasound system (Vivid 7; GE Healthcare, Milwaukee, WI,
USA). 2D cine-loop recordings of short-axis views at the papillary
muscle level were stored for off-line analysis.
Custom acoustic-tracking software that allowed semiauto-
mated strain analysis was used (EchoPac Advanced Analysis
Technologies; GE Healthcare). This software utilizes B-mode
grayscale images and tracks movement of stable acoustic pat-
terns/markers, called speckles, in myocardial tissue. This tracking
takes place frame by frame throughout the cardiac cycle [5].  The
software is interactive, in that the endocardial-cavity interface is
traced manually, while automated generation of a second epicardial
tracing is created by the software.
vier Ltd. All rights reserved.
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Discussion
There have been few reports regarding cardiac strain in chil-
dren. Lorch et al. reported left ventricular longitudinal strain and
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The software automatically divides the image into six segments
anteroseptal, anterior, lateral, posterior, inferior, and septal), pro-
ides automated tracking conﬁrmation, and generates the strain
alues for each segment based on the spatial and temporal shift of
he corresponding acoustic markers (Fig. 1).
Segments with poor image quality were rejected by the software
nd excluded from the analysis. The strains of all segments could be
nalyzed in 136 of 180 children, and data from these 136 children
ere included in this study.
Continuous variables are reported as mean values ± standard
eviation (SD). The correlation coefﬁcients were calculated to iden-
ify the relative inﬂuences of aging on the strains. Tukey’s test
as used to assess differences in strain among the six myocardial
egments. In all analyses, p < 0.01 was taken to indicate statistical
igniﬁcance.
Interobserver variability was determined as the mean of differ-
nces between 10 paired strain measurements for each of the 6
egments in circumferential and radial modalities. Intraobserver
ariability was deﬁned as the mean of differences between 1 mea-
ure and 10 repeated measures in all 6 segments.
esults
Peak strains were constant during childhood (Fig. 2). They were
ot correlated with age or heart rate. Circumferential peak strains
f anteroseptal, anterior, lateral, posterior, inferior, and septal
egments were −30.2 ± 5.9, −23.7 ± 5.3, −17.3 ± 4.4, −15.3 ± 4.3,
20.9 ± 5.7, and −27.6 ± 5.6, respectively (Fig. 3, upper panel). The
eak strain of the anteroseptal segment was the highest, and those
f septal, anterior, inferior, lateral, and posterior segments fol-
owed in descending order. Signiﬁcant differences were found in
he peak strains of all segments from each other (p < 0.01). Radial
eak strains of the anteroseptal, anterior, lateral, posterior, infe-
ior, and septal segments were 44.5 ± 10.6, 47.6 ± 11.6, 53.6 ± 15.5,
8.2 ± 16.0, 55.5 ± 16.3, and 51.6 ± 14.1, respectively (Fig. 3, lower
anel). The peak strains of the anteroseptal and anterior segments
ere smaller than those of the lateral, posterior, inferior, and septal
egments. The peak strain of the lateral segment was larger than
hose of the anterior and anteroseptal segments, and smaller than
hat of the posterior segment. The peak strain of the posterior seg-
ent was larger than those of the anteroseptal, anterior, lateral,
nd septal segments. The peak strain of the inferior segment was
arger than those of the anteroseptal, anterior, and septal segments.
he peak strain of the septal segment was larger than those ofsmural radial strain in a representative subject. AntSep, anteroseptal; Ant, anterior;
anteroseptal and anterior segments, and smaller than those of pos-
terior and inferior segments.
The inter and intraobserver variabilities are shown on
Bland–Altan plots (Fig. 4).Fig. 2. Relation between circumferential strain and age (upper panel) and relation
between radial strain and age (lower panel). Ant.Sept., anteroseptal; Ant., anterior;
Lat.,  lateral; Post., posterior; Inf., inferior; Sept., septal.
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Fig. 3. Circumferential strains of regional segments (upper panel) and radial strains
of  regional segments (lower panel). The bars show the standard deviations. AntSept,
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pair data with the same symbol are not signiﬁcantly different. The other data are
signiﬁcantly different from each other.
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strain rate measured by 2D speckle tracking echocardiography in a
healthy pediatric population, but they measured strains only at the
septal and lateral attachments of the mitral valve [4].  The present
study is the ﬁrst report in which the strain of each segment in left
ventricle was  measured and compared in children.
The results of the present study showed that there were no sig-
niﬁcant age-related changes in circumferential or radial strain in
pediatric subjects. It has been reported that there are no age-related
changes in longitudinal systolic strain in childhood [4].  The rela-
tive invariability of systolic strain with aging in the present study
is intriguing in the presence of changing loading conditions and
ventricular contractility that normally occur in childhood [6].  This
may  be partly attributable to the fact that left ventricular geometry
(represented by the left ventricular length-diameter ratio) remains
constant from infancy to adulthood, leading to normalized torsion,
which is considered a major mechanism underlying deformation
of the myocardium [7,8].
The left ventricular myocardium consists of circumferential
ﬁbers in the mid-wall layer and longitudinal ﬁbers in the endo-
cardial and epicardial layers, and myoﬁber orientation changes
continuously from right-handed helix in subendocardium to left-
handed helix in subepicardium [9].  It is well known that myocardial
ﬁbrosis related to pressure overload appears frequently in the
subendocardiac layer [10], and that there is negative correla-
tion between longitudinal myocardial velocity and the interstitial
ﬁbrosis content [11]. Wang et al. [12] indicated that normal circum-
ferential strain and torsion contribute to a preserved left ventricular
ejection fraction in patients with diastolic heart failure, although
longitudinal and radial strains are deteriorated. Mizuguchi et al.
[13] reported that the mean peak systolic strain rates in the three
directions in the concentric left ventricular hypertrophy group and
those in the longitudinal and radial directions in the eccentric and
normal geometric left ventricular hypertrophy groups were lower
compared to the control group. From these facts, it is clear that
longitudinal and circumferential strains mainly show contraction
of the longitudinal and circumferential ﬁbers, respectively, and that
radial strain is affected by contractions of both ﬁbers.
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We  observed regional heterogeneity of left ventricular strain.
hile circumferential strain was higher in the anteroseptal and
eptal regions compared to lower values in the lateral and pos-
erior segments, radial strain was higher in the posterior and
nferior regions compared to lower values in the anteroseptal and
nterior segments. The circumferential and radial strains showed
nverse distributions; i.e. the circumferential strain was  high in
egions with low radial strain, and low in regions with high radial
train. These observations indicate that there are differences in
hree-dimensional (3D) movements of these regions. To analyze 3D
ovements of the regions, we measured the longitudinal strains
f the midseptal and midlateral segments in four chamber views
f 40 patients by using the same software. The peak strain of the
idseptal segment was signiﬁcantly smaller than that of midlat-
ral segment (−19.2 ± 4.8, −22.0 ± 4.4, respectively, Tukey’s test,
 < 0.01). In the septal region, the vectors of radial strains of left and
ight ventricles are the opposite, and the vectors of longitudinal
trains of both ventricles were different. The vectors of circum-
erential strains of both ventricles were the same. The different
irections of strains between right and left ventricle may  be the
auses of difference of strains among the segments.
There are some articles about regional nonuniformity of nor-
al  adult human left ventricle using magnetic resonance (MR)
yocardial tagging. Bogaert and Rademakers [14] showed that cir-
umferential strain in posterior wall is higher than that in septal
r anterior walls, which is different from our results. They also
howed that anterior wall and septum demonstrated the largest
adial strain but had a smaller regional ejection fraction, which
as primarily caused by the lower degree of circumferential and
ongitudinal strain in this part of the left ventricular wall. In that
he circumferential and radial strains showed inverse distributions,
heir result and ours are in agreement. On the contrary, another
tudy reported circumferential strain of lateral or anterior wall is
arger than that of posterior wall [15]. We  do not know the rea-
on why these results were different, however, the pattern of the
egional nonuniformity measured by ultrasonography were similar
o our results [1,14].
In normal adults, no signiﬁcant differences were found in
egional longitudinal or radial strain [1]. Circumferential strain was
lightly higher in the anteroseptal, anterior, and septal regions com-
ared to the somewhat lower values in the posterior, lateral, and
nferior regions, which were similar to our results, but the differ-
nces among the regions were smaller than in the present study.
e measured the ratio of anteroseptal circumferential peak strain
ivided by that in the posterior segment and the ratio of the sep-
al segment divided by that in the lateral segment. However, these
atios did not change signiﬁcantly in childhood (data not shown).
There seems to be a lot of variations in normal values in this
tudy, however, they are as much as those reported in other articles
1,4,16]. Jamel et al. reported that strain could accurately differen-
iate abnormally from normally contracting segments after acute
nfarction with a sensitivity/speciﬁcity of 85% [16]. The reference
alues shown in this study may  be useful for detecting and monitor-
ng regional left ventricular dysfunction in children. And we  need
o measure the strains of patients with cardiac diseases to decide
utoff values.
2D strain was not feasible in approximately 24% of children in
he present study. This may  have been due partially to the move-
ents of the whole left ventricle in directions other than radial
r circumferential, in addition to the quality of the images and
lso the tracking accuracy of the algorithm. In most of these cases,
he strain of the lateral segment could not be analyzed due to
he poor lateral resolution. Rapid improvements in technology in
erms of improved tracking of the algorithm and better lateral res-
lution of images with higher image frame rate will enhance the
esults.
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The limitations of the 2D approach will probably be resolved
by application of the system to 3D echocardiography. Area strain
by 3D echocardiography represents a promising novel automatic
index that may  provide an accurate and reproducible alternative to
current echocardiographic standards for quantitative assessment
of global and regional left ventricular function [17].
Study limitations
We only measured strains in the left ventricular short axis view
at the level of the papillary muscles, because it is difﬁcult to show
an apex clearly by echocardiography for some reasons. The apex
in children exists near the surface, so a part of it is sometimes not
contained in the angle of the view. And the image in the near ﬁeld
is not so clear. However, assessment of multiple views is indis-
pensable to detect left ventricular wall motion abnormalities. We
additionally measured the longitudinal strains of the midseptal
and midlateral segments to detect 3D orientation of strains. We
must devise a way to measure 3D strains in all segments of left
ventricle.
We exclusively used a single vendor machine. Strain measure-
ments may  be affected by the machines used [18]. It is planned in
future to compare the data by using different ultrasound systems.
Conclusion
Our study showed that there were no signiﬁcant age-related
changes in circumferential or radial strain in children. However,
the circumferential and radial peak strains of the left ventricle in
normal children were different among the regions. The reference
values shown in this study may  be useful for detecting and monitor-
ing regional left ventricular dysfunction in children with congenital
heart disease or myopathy.
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